Introduction
In 2003, Henke et al. [1] published the results of a study of patients with head and neck cancer undergoing radiation therapy who were randomized to a control group or additional treatment with epoetin beta (300 U/kg). The purpose of the study was to investigate the potential radiosensitizing effects of raising the level of hemoglobin (Hb) toward a target value of 14 g/dl in women and 15 g/dl in men. Epoetin beta treatment effectively raised the Hb level, but was associated with significantly shorter progression-free and overall survival times.
A subsequent report presented data on the erythropoietin receptor (EPOR) status in tissue samples from 154 patients who were among the 351 patients enrolled in the randomized controlled trial [2] . This retrospective analysis assessed the effect of epoetin beta on progression-free survival in relationship to EPOR expression. Staining studies used C20 antibody (sc-695, Santa Cruz Biotechnology, Santa Cruz, CA). Around two thirds of samples stained positive and, among this EPOR-positive group of patients, the local disease-free-survival rate was significantly lower in patients treated with epoetin than among controls (Fig.  1A) . Among the smaller number of patients whose tumor tissue did not stain for the EPOR, there was no significant difference in outcome between the placebo and treated groups (Fig. 1B) .
These findings raised the question of whether the presence of EPORs might stimulate tumor cell growth when bound by EPO or an EPO-like ligand [3] . However, the basis for such a study is the presumption that the EPOR antibody detects what it is meant to detect, and not other proteins; and it is by no means clear that this is the case [4] [5] [6] . Data from several groups suggest that the antibodies currently available are not valid tools for determining the EPOR status of tissue sections obtained from cancer patients. Fandrey www.TheOncologist.com factor complex hypoxia-inducible factor 1 [9] [10] [11] . To maintain daily renewal of RBCs, a steady-state production of EPO is required [7] . The EPOR is a member of the cytokine family of receptors and is expressed as a preformed dimer on the surface of erythroid progenitor cells [12] . EPO binds to the EPOR on the extracellular domain of bone marrow erythroid precursors [12] . Binding of EPO to the EPOR causes a conformational change in the EPOR and activates the phosphorylation of its intracellular domain, triggering a cascade of intracellular events (including the Janus kinase 2-signal transducer and activator of transcription 5 pathway) and stimulating erythroid progenitors to proliferate and differentiate, resulting in the rapid formation of functional RBCs (Fig. 2) [12] [13] [14] [15] . Changes in the EPO level or mutations to the EPOR are associated with changes in hematocrit.
Whereas EPO's principal role is in the regulation of RBC formation, both EPO and the EPOR have been found in nonhematopoietic tissues and cells, including solid tumors, endothelial cells, the central nervous system, etc. [16] .
Indirect evidence for the existence of EPORs on human tumors is derived in part from studies showing that prior absorption of EPOR proteins eliminates tumor EPOR staining on immunohistochemistry [17, 18] . The second source of indirect evidence is from trials demonstrating shorter locoregional progression-free survival or overall survival times among EPOR-positive patients treated with erythropoiesis-stimulating agents (ESAs) rather than placebo [1, 2, 19] .
Preclinical Studies
Direct evidence of EPORs on human tumors might be derived from the demonstration by immunohistochemistry of EPORs on tumor cell lines or tumor tissue samples using polyclonal rabbit antisera. The vast majority of in vitro studies, however, showed no promotion of tumor cell growth, decreased apoptosis and/or resistance to treatment, and the existence of EPOR-related signaling [20] . In contrast, from a few cell culture studies, increased proliferation of tumor cells has been reported [20] . Those studies, however, are limited by the absence of appropriate vehicle controls and the general use of suprapharmacologic doses of ESAs that would not be found in vivo in poorly perfused tumors [17] . Cells were studied under artificial circumstances, were deprived of serum, and were synchronized. None of these reflects the state of a heterogeneous population of tumor cells in natural circumstances. In addition, the very moderate proliferative effect of EPO on tumor cells does not compare with the response of an erythroid cell line, in which pharmacologically relevant doses (0.01-0.4 U/ml EPO) cause a several hundredfold increase in proliferation [20] .
More generally, there are no reasons to suppose that EPORs should play a role in tumor progression. The EPOR gene is not an oncogene, and there is no selective advantage The following facts need to be considered: tumor cell-specific signaling pathways may exist that have not been described in erythroid progenitor or neuronal cells so far; soluble EPORs/ alternative splice forms may affect EPOR signaling; EPORs retained in the ER are unable to interact with the ligand; and EPO concentrations to stimulate tumor cell responses are several orders of magnitude higher than concentrations to be expected in the serum. Abbreviations: EPO, erythropoietin; EPOR, erythropoietin receptor; ER, endoplasmic reticulum; Jak2, Janus kinase 2; NFκB, nuclear factor κB; STAT5, signal transducer and activator of transcription 5.
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In more than 25 malignant and benign human cell lines, EPO did not increase the proliferation rate of EPOR-positive tumor cell lines, nor did it affect c-fos mRNA expression in these cell lines [16, 21] . The EPOR did not seem essential for tumor cell growth in these cell lines [21] . Collectively, the majority of in vitro studies have shown that ESAs are likely to have a neutral effect on human cancers [17, 20] .
More indicative of a (patho)physiological role of ESAs on tumor growth are in vivo animal models. So far, the in vivo tumor model studies with ESA treatment may be generally grouped into one of three categories: (a) regression of tumor mass, (b) enhancement of tumorablative therapies, and (c) no enhancement of tumor-ablative therapies. As recently reviewed by Sinclair et al. [20] , all 23 in vivo studies revealed no tumor-promoting effect of ESA administration alone. As expected, ESAs increased hematocrit in anemic animals that had tumors and improved tissue oxygenation, which may have contributed to restore the effectiveness of radiation and photodynamic therapy as well as chemotherapy in some (but not all) studies [20] .
Commercially Available Polyclonal Anti-EPOR Antibodies Detect Heat Shock Proteins
One relevant consideration is that Henke et al. [1, 2] in their study of patients with head and neck cancer could evaluate receptor expression, but not receptor activity, in what were formalin-fixed tissues. The specificity of the antibodies used in their study in Western blot analyses has been called into question [22] . One cause for concern is that a mouse knockout model in which the EPOR gene was deleted, so that there was no expression of EPOR protein, produced tissue that showed the same staining to "EPOR" antibody as tissue from wild-type mice that did not have the gene deleted (Fig. 3) [22] . The only possible conclusion is that the EPOR antibody is detecting some other protein.
Examination of the amino acid sequence of the purported EPOR demonstrated by Western blotting revealed that it was not that protein at all but one of several isoforms of heat shock protein (HSP)70 [22] . C20 recognized HSP70-2 almost exclusively, which may be a result of a high degree of sequence similarity between the EPOR peptide used for immunization and HSP70-2 [22] . Furthermore, when the HSP70-2 isoform was added in excess, binding to what was supposed to be the EPOR was completely eliminated (Fig.  4) [22] .
This fact is not without interest to oncologists because HSP70 is a highly conserved family of chaperone proteins that are induced in normal cells by stress and that have important functions in promoting cell survival and resistance to apoptosis [23] . They are found in tumors, particularly those of an aggressive phenotype. Expression correlates with shorter survival and resistance to treatment in many tumors [24, 25] , including those of the 19 www.TheOncologist.com lung, breast, head and neck, prostate, and bladder. Expression increases under conditions of hypoxia. It appears that there is sufficient sequence homology between the antigen used to generate C20 polyclonal antibodies and HSP for most of the "EPOR" detected to be HSP70 isoforms 2 or 5 [22, 23] . Unfortunately, similar controls for HSP70 were not presented in the study by Henke et al. [2] , and it remains possible that HSP70-2 was detected by the antiserum. Whether HSP70 detection could be in any way used to predict EPO response currently appears highly speculative and requires further studies.
Conclusion
Certain clinical studies using commercially available antibodies of doubtful specificity have suggested a relationship between the presence of EPORs and adverse clinical outcome following treatment with ESAs. However, the limitations of the reagents available to detect EPORs are such that we must question these results. It would not necessarily be reasonable to use the conclusions they came to as the basis for deciding on treatment.
Ongoing studies will help clarify the role of EPORs in the cancer setting, and crucial to this will be work with more specific antibodies. Meanwhile, studies using antibodies of dubious specificity should be treated with caution.
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